1. Introduction {#sec1-1}
===============

Mg alloys are potential bone implants in the orthopedic field due to their good biocompatibility, natural biodegradability, and similar density and Young's modulus to nature bone\[[@ref1]-[@ref5]\]. Compared with other Mg alloys, Mg-Al series alloys exhibit more favorable mechanical strength with the help of Al solid solution strengthening and precipitation strengthening, thus attracting intensive researches in recent years\[[@ref6]-[@ref8]\]. Witte *et al*.\[[@ref9]\] investigated the degradation behavior and the bone response of Mg-Al series alloys, including AZ31 and AZ91. They reported that a small amount of Al released during the degradation could be tolerable. Wen *et al*.\[[@ref10]\] investigated the corrosion behavior of Mg-Al series alloys and claimed that their corrosion resistances were closely related to Al content. Nevertheless, Mg-Al series alloys degrade rather rapidly in physical environments, because the high potential differences between *α*-Mg grains and *β* phase cause severe galvanic corrosion\[[@ref9],[@ref10]\]. The rapid degradation results in a fast loss of mechanical strength, as well as a large amount of hydrogen accumulation and local alkalization, which significantly limits their clinical applications.

A workable strategy to improve the corrosion resistance is to change the component of the second phase toward reducing their electrochemical nobility. For example, Baek *et al*.\[[@ref11]\] investigated the effect of Y on the corrosion behavior of Mg-Al-Ca alloy. It was found that the Y-containing phase was less cathodic and drastically weakened the galvanic corrosion tendency. Liu *et al*.\[[@ref12]\] reported that rare earth element enhanced the corrosion resistance of AM60, because the deposited phases containing rare earth were less cathodic than *β*-Mg~17~Al~12~ phase. Another strategy to increase the corrosion resistance is to ameliorate the distribution of the second phase in Mg matrix. Wu *et al*.\[[@ref13]\] confirmed that adding proper Al into Mg-Ca alloy formed a continuous second phase, which provided barrier effect, resulting in better corrosion resistance. Shuai *et al*.\[[@ref14]\] also reported that Nd-introduced continuous second phase enhanced the corrosion resistance of Mg matrix, with the degradation rate decreased from 5.25 to 1.56 mm/y.

In this study, Ti was introduced into AZ61 to ameliorate the characterizations of precipitates, with an aim to improve the corrosion resistance. In Al-Ti-Mg system, Ti will combine with Al to form precipitates and increase the diffusivity of Al in Mg solute, resulting in the increase of Al content near the eutectic point during the solidification process\[[@ref15]\]. Thus, it was expected that Ti could promote the formation of less cathode eutectic *α* phase, which can reduce the electrode potential differences of the matrix. On the other hand, the precipitation of eutectic *α* phase will consume Al atoms, which is conducive to reducing the formation of *β*-Mg~17~Al~12~ phase, thus further alleviating the galvanic corrosion in the matrix. The microstructures, mechanical properties, and corrosion behaviors of Ti contained AZ61 alloys fabricated with selective laser melting (SLM) were systematically investigated. Moreover, the biocompatibility was also studied through *in vitro* cell culture experiments.

2. Experimental Methods {#sec1-2}
=======================

2.1 Specimens Preparation {#sec2-1}
-------------------------

The gas-atomized AZ61 powder (Weihao Magnesium powder Ltd., China) had a particle size distribution of d~10~=29.04 µm, d~50~=52.68 µm, and d~90~=84.71 µm. The Ti powder (Naiou Nano Science and Technology Ltd., China) had a particle size varying from 20 to 50 nm. The AZ61-*x*Ti (*x*=0, 0.25, 0.5, 0.75, and 1.0 wt.%) mixed powders were prepared using a ball mill with a rotation speed of 200 rpm for 8 h under Ar atmosphere. The morphologies of mixed powders were observed using a scanning electron microscope (SEM, Phenom proX, Phenom-World BV, Netherlands) coupled with an energy dispersive spectroscopy (EDS), with results presented in [Figure 1](#F1){ref-type="fig"}. The element mapping results corresponding to AZ61-0.5Ti mixed powders indicated Ti nanoparticles homogeneously dispersed over the AZ61 particle surface.

![Morphologies of original powders: (**A**) AZ61, (**B**) Ti and (**C**) AZ61-0.5Ti mixed powder; (**D**)-(**F**) were the element distributions of Mg, Al, and Ti of AZ61-0.5Ti mixed powder.](IJB-5-207-g001){#F1}

Cubic samples (10 × 10 × 10 mm^3^) were fabricated using a SLM system equipped with an YLR-500-WC fiber laser (IPG Photonics Inc.). The process parameters were determined at a laser power of 120 W, a scanning speed of 10 mm/s, a layer thicknesses of 150 µm, a scanning spacing of 80 µm, and a spot size of 80 µm. All the experiments were performed under a high-purity Ar atmosphere. A zigzag pattern was applied to scan the powder layer.

2.2 Microstructural Characterizations {#sec2-2}
-------------------------------------

The specimens were grounded, polished, and ultrasonically cleaned with ethanol. Then, the microstructures were investigated using SEM. Moreover, the crystalline structure was observed using an optical microscope (Leica DM200, Leica Microsystems, Germany) after etching with a nitric acid alcohol solution (4%). Furthermore, the phase compositions were identified using X-ray diffraction (XRD, D8 Advance diffractometer, Bruker Inc., German) at a scanning rate of 8 min^−1^.

2.3 Mechanical Characterizations {#sec2-3}
--------------------------------

The SLM fabricated samples were cut into 8 mm in length and 4 mm in diameter for compressive tests. The compressive tests were carried out using a universal mechanical testing machine (Instron, USA) with a compression speed of 0.5 mm/min. Microhardness was measured on a microhardness tester with a load of 0.98 N and a holding time of 15 s. The microhardness measurements were taken 5 times for each specimen, and the distance between each adjacent indentation was 500 µm.

2.4 Electrochemical Experiments {#sec2-4}
-------------------------------

Electrochemical experiments were performed three a three-electrode system in which the sample was used as the working electrode, a platinum foil as a counter electrode, and a saturated calomel electrode as a reference electrode. All the electrodes were connected to an electrochemical workstation (Interface 1000, Gamry Instrument, USA) and immersed in simulated body fluid (SBF) at 25±0.5°C. The SBF was prepared according to reference\[[@ref16]\]. The open circuit potential was first monitored for 2400 s. Then, the potentiodynamic polarization testing was conducted with a scanning rate of 0.333 mV/s.

2.5 Immersion Experiments {#sec2-5}
-------------------------

Immersion experiments were carried out to study the corrosion behavior. Specimens were immersed in SBF at 37°C, with a volume to exposure area ratio of 20 mL cm^−2^. The hydrogen release rate and the pH values during immersion were monitored. Meanwhile, the ion concentrations of the soaked media were measured using an inductively coupled plasma atomic emission spectroscopy (ICP-OES, PerkinElmer, Optima 5300DV, USA). The corrosion morphologies after immersion for 2 and 7 days were characterized using SEM. Besides, mass loss was obtained after removing the corrosion products in chromic acid solution (200 g/L CrO~3~, 10 g/L AgNO~3~). Then, corrosion rates (*C~R~*) were obtained using the following equation, *C~R~*=3.65 D*W*/*ρ*, where D*W* was the mass loss rate (mg cm^-2^/d) and *ρ* was the density (g cm^−3^).

2.6 Cell Culture {#sec2-6}
----------------

Human osteosarcoma cells (MG63, American Type Culture Collection, USA) were employed for the cell tests. DMEM (Gibco, Grand Island, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, USA), 100 U/mL penicillin and 100 mg/mL streptomycin (BI, Kibbutz Beit Haemek, Israel) were used as culture medium. The extracts of AZ61-Ti were prepared by immersing the samples in DMEM for 72 h. The ratio of exposed areas to solution volume was 1 cm^2^/mL. The obtained 100% extracts were then diluted to 50% and 10% concentrations. The pH value and ion concentration of the extracts were also evaluated.

Cell counting kit-8 (CCK-8) assays were adopted to evaluate cell viabilities. Cells were seeded in 96-well plates at a density of 5×10^4^/mL and cultured for 24 h. Then, the cell culture media were replaced by extracts (100%, 50%, and 10%). Pure DMEM was used as control. After incubating for 1, 3, and 5 days, 10 µL of CCK-8 (5 mg/ml, Sigma-Aldrich, USA) solution was added to each well for 2 h at 37°C. After that, the spectrophotometric absorbance was recorded at a wavelength of 570 nm referenced to 630 nm on a paradigm detection platform (Beckman Coulter, USA).

For LIVE/DEAD cell assay, cells were seeded in 48-well plates with extracts. At each period, the cells were gently rinsed with phosphate-buffered solution (PBS) and stained using Calcein-AM (2 µM) and ethidium homodimer-1 (4 µM). Afterward, the cells were gently washed with PBS and observed under fluorescence microscopy (Olympus, BX60, Japan).

2.7 Statistical Analysis {#sec2-7}
------------------------

All the experiments in this work were repeated for 3 times. The experimental data were expressed as the average ± standard deviation. One-way analysis of variance was used to analyze the statistical analyses followed by Tukey posthoc analysis. Statistical significance was considered when *P*\<0.05.

3. Results {#sec1-3}
==========

3.1 Microstructure {#sec2-8}
------------------

SEM and EDS were combined to study the microstructure of the AZ61-Ti, as displayed in [Figure 2](#F2){ref-type="fig"}. In AZ61, some *β* phases (bright particles) homogeneously distributed in Mg matrix (dark regions), as shown in [Figure 2A](#F2){ref-type="fig"}. A close observation revealed that there was some divorced eutectic *α* phase formed along grain boundaries and interfaces. Combining with the elemental surface analysis, the eutectic *α* phase was enriched in Al. With addition of 0.25 wt% Ti, more Al-enriched eutectic *α* phase and less *β* phase were observed. In AZ61-0.5Ti, the Al-enriched eutectic *α* phase continuously distributed and constructed a net-like structure, which was also proved by the EDS mapping results. Moreover, only a few *β* phase particles were observed. With Ti further increasing to 0.75 and 1.0 wt%, the *β* phase particles were coarsened and increased, which were enriched in Al and Ti, as revealed by EDS analysis.

![(**A**) Microstructure of AZ61-Ti observed under scanning electron microscope and the corresponding elemental distribution of Al; red arrow indicates the eutectic α phase. (**B**) Energy dispersive spectroscopy results corresponding to particles in [Figure 2A](#F2){ref-type="fig"}.](IJB-5-207-g002){#F2}

The quantitative elemental compositions were obtained, as shown in [Figure 2B](#F2){ref-type="fig"}, in which point 1, point 4, and point 7 represented position in the vicinity of the Al-enriched eutectic *α* phase, point 2, point 5, and point 8 represented the position in the *β* phase, and point 3, point 6, and point 9 represented the position in the *α*-Mg grains, respectively. It could be seen that the Al contents dissolved in *α*-Mg grains were 2.92±0.74 wt.%. With Ti increasing to 0.5 wt% and 1.0 wt%, the Al contents were dissolved in *α*-Mg grains gradually decreased to 1.93 ± 0.51 and 1.13 ± 0.46 at.%, respectively. Similarly, the Al content in *β* phase was also decreased with increasing Ti content, which was 20.46 at.% for AZ61, 10.29 at.% for AZ61-0.5Ti, and 9.08 at.% for AZ61-1.0Ti. However, the Al content in Al-enriched eutectic *α* phases showed a different trend. Al-enriched eutectic *α* phases in AZ61-0.5Ti exhibited the lowest Al content of 5.89 at.%, which was lower than that in AZ61 (6.42 at.%) and AZ61-1.0Ti (6.28 at.%). Their results indicated that the diffusivity of Al was increased with increasing Ti. Besides, Zn was detected in all of the AZ61-Ti alloys. Moreover, a small amount of Ti was detected in the *β* phase of AZ61-1.0Ti.

The area fraction of Al-enriched *α* phase and *β* phase was measured by the Image-Pro Plus 6.0 software, with results displayed in [Table 1](#T1){ref-type="table"}. The area fraction of Al-enriched eutectic *α* phase in AZ61 was 17.3%. With Ti gradually increased to 0.5 wt%, the area fraction of eutectic *α* phase gradually increased to 42.0%, which indicated that the Al atoms in Mg solute were consumed to constitute more Al-enriched eutectic *α* phase. With Ti further increased to 1.0 wt%, the area fraction of eutectic *α* phase was reduced to 27.8%. It was believed that excess Ti reacted with Al to form *β* phase, thus reducing the Al content in eutectic.

###### 

The calculated area fraction of eutectic α-Mg phase, β-phase, and matrix.

  Samples       Eutectic α   β phases   Matrix
  ------------- ------------ ---------- --------
  AZ61          17.3%        7.0%       75.7%
                                        
  AZ61-0.25Ti   25.8%        2.1%       72.1%
                                        
  AZ61-0.5Ti    42.0%        0.7%       57.3%
                                        
  AZ61-0.75Ti   36.1%        1.6%       50.3%
                                        
  AZ61-1.0Ti    27.8%        2.6%       69.6%

The optical microstructure and the calculated grain sizes of the AZ61-Ti are presented in Figures [3A](#F1){ref-type="fig"}-[F](#F3){ref-type="fig"}. The grain sizes for the AZ61, AZ61-0.25Ti, AZ61-0.5Ti, AZ61-0.75Ti, and AZ61-1.0Ti were 16.4 ± 2.3, 12.7 ± 2.1, 10.4 ± 1.6, 9.5 ± 1.1, and 9.1 ± 0.8 µm, respectively, indicating that Ti significantly refined the grain sizes. The XRD patterns indicated that *α*-Mg was a major phase. Moreover, the *β* phase of AZ61, AZ61-0.25Ti, and AZ61-0.5Ti was Mg~17~Al~12~ ([Figure 3G](#F3){ref-type="fig"}). The diffraction intensities corresponding to Mg~17~Al~12~ phase decreased with increasing Ti content. Moreover, the peaks of Mg~17~Al~12~ were not detected in AZ61-1.0Ti. Meanwhile, TiAl~3~ phase could be identified in AZ61-0.75Ti and AZ61-1.0Ti and its diffraction intensities increased with Ti content increasing.

![Optical microstructure of (**A**) AZ61, (**B**) AZ61-0.25Ti, (**C**) AZ61-0.5Ti, (**D**)AZ61-0.75Ti, and (**E**) AZ61-1.0Ti. (**F**) The measured average grain sizes. (**G**) X-ray diffraction patterns of AZ61-Ti. Mg~17~Al~12~ and TiAl~3~ phases were marked by black dash arrow and red solid arrow, respectively.](IJB-5-207-g003){#F3}

3.2 Degradation Behavior {#sec2-9}
------------------------

The open circuit potential of AZ61-Ti is given in [Figure 4A](#F4){ref-type="fig"}. During the electrochemical test, the open circuit potential gradually increased and eventually stabilized. From the thermodynamic point of view, a higher open circuit potential indicated a more stable surface. It was believed that the increased open circuit potential was due to a protective Mg(OH)~2~ layer formed with the dissolution of Mg matrix\[[@ref17]\]. More importantly, AZ61-0.5Ti exhibited the highest open circuit potential.

![Electrochemical testing results of AZ61-Ti: (**A**) open circuit potential curves, (**B**) potentiodynamic polarization curves, (**C**) *E~corr~* and (**D**) *i~corr~* derived from the potentiodynamic polarization curves by Tafel extrapolation.](IJB-5-207-g004){#F4}

The potentiodynamic polarization curves of the AZ61-Ti are given in [Figure 4B](#F4){ref-type="fig"}. Moreover, the corrosion potential (*E~corr~*) and cathodic polarization corrosion current density (*i~corr~*) derived from the potentiodynamic polarization curves are given in [Figure 4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}. The *E~corr~*, which represented the corrosion tendency, could be ranked as AZ61-0.5Ti \>AZ61-0.75Ti \>AZ61-0.25Ti \>AZ61-1.0Ti \>AZ61. Moreoverm the AZ61-0.5Ti exhibited the lowest current density of 9.2±1.4 μA·cm^-2^. It was well known that *i~corr~* mainly reflected the intensity of the chemical reaction during the electrochemical corrosion\[[@ref18],[@ref19]\]. Thus, AZ61-0.5Ti with highest *E~corr~* and smallest *i~corr~* exhibited the optimal corrosion resistance.

Immersion tests were conducted to further study the corrosion behavior, with results shown in [Figure 5](#F5){ref-type="fig"}. The hydrogen evolution curves are depicted in [Figure 5A](#F5){ref-type="fig"} and the pH value variations are depicted in [Figure 5B](#F5){ref-type="fig"}. Clearly, the degradation behaviors differed with Ti content. AZ61 exhibited the relatively fast hydrogen release and pH increase. When Ti was incorporated, the released hydrogen decreased and the increase rate of pH slowed down. The AZ61-0.5Ti exhibited the least hydrogen evolution volume and the lowest pH compared with other investigated alloys. However, the hydrogen volumes and pH were rapidly increased in AZ61-0.75Ti and AZ61-1.0Ti, implying that the excessive Ti decreased the corrosion resistance.

![Immersion degradation behaviors of AZ61-Ti: (**A**) Hydrogen evolution volumes, (**B**) pH during immersion, (**C**) ion-releasing behavior during immersion, and (**D**) corrosion rate calculated from the mass loss.](IJB-5-207-g005){#F5}

The variation of Mg ion-releasing behavior during immersion was similar to that of the hydrogen evolution volume and pH variation ([Figure 5C](#F5){ref-type="fig"}). Mg^2+^ concentrations tended to increase with immersion time increasing, indicating the dissolution of specimens. AZ61-0.5Ti released the least amount of Mg^2+^, indicating it has the slowest degradation rate. The *C~R~* calculated by mass loss exhibited a similar trend to that of the Mg ion-releasing ([Figure 5D](#F5){ref-type="fig"}). All the immersion tests demonstrated that AZ61-0.5Ti had the best corrosion resistance.

The typical corrosion morphologies and composition analyses of the corrosion product are displayed in [Figure 6](#F6){ref-type="fig"}. A corrosion product layer was formed on the specimen with some particles deposition. A lot of micro-cracks appeared on the surface were due to the shrinkage of the corrosion product layer during dehydration. It was obvious that AZ61 suffered the most severe corrosion, which was consistent with its fastest degradation rate ([Figure 6A](#F6){ref-type="fig"}). As a comparison, AZ61-0.5Ti suffered homogeneous corrosion, as depicted in [Figure 6C](#F6){ref-type="fig"}. Some particles were deposited on this layer, which was enriched in Mg, Ca, P, C, and O (area 2), with a higher content of Ca and P than that on area 1 ([Figure 6F](#F6){ref-type="fig"}). Nevertheless, AZ61-0.75Ti and AZ61-1.0Ti both suffered severely localized corrosion. With increasing immersion period to 7 days, the AZ61-0.5Ti was also compact, except for some micro-cracks and particles on the surface. Large cracks and flaking of corrosion product could be observed on AZ61 and AZ61-1.0Ti. The flaking of corrosion products resulted from the thickening of the corrosion layer and dehydration process\[[@ref20]\].

![Corrosion surfaces of (**A**) AZ61, (**B**) AZ61-0.25Ti, (**C**) AZ61-0.5Ti, (**D**) AZ61-0.75Ti, and (**E**) AZ61-1.0Ti observed under scanning electron microscope after immersion for 2 and 7 days; (**F**) energy dispersive spectroscopy results of specific areas in AZ61-0.5Ti.](IJB-5-207-g006){#F6}

3.3 Cytotoxicity {#sec2-10}
----------------

The pH and ion concentration of the extracts during the 72 h incubation is summarized in Figures [7A](#F7){ref-type="fig"} and [B](#F7){ref-type="fig"}. There were no significant differences in the pH of the 100% extracts (all closing to 9). The pH only slightly reduced in 50% extracts due to the buffer effect of the culture medium. When further diluted to 10%, the pH values were decreased to 7.89 ([Figure 7A](#F7){ref-type="fig"}). The Mg^2+^ releasing during the incubation reflected the degradation rate of AZ61-Ti in the culture medium. AZ61-0.5Ti showed the lowest Mg^2+^ concentration, indicating its optimal corrosion resistance. The Zn^2+^ concentrations in the extracts were in the single-digit µg/mL range ([Figure 7B](#F7){ref-type="fig"}). In addition, Al^3+^ concentrations in all the extracts were not detected, due to the small solubility products of aluminum hydroxide (1.3×10^−33^)\[[@ref21]\].

![(**A**) pH of the extracts; (**B**) Mg and Zn concentration in the extracts; (**C**) relative viability of MG63 cells culture in AZ61-Ti extracts.](IJB-5-207-g007){#F7}

The cell viability of the MG63 incubated in AZ61-Ti extracts is depicted in [Figure 7c](#F7){ref-type="fig"}. After 3 days' culture, all the undiluted extracts (100%) resulted in a significantly reduced cell viability compared to the negative control. However, the toxic effects could be mitigated by dilution. The cell viability was about 90% for AZ61-0.5Ti in 50% extracts, suggesting the AZ61-0.5Ti alloy had good cell compatibility. The cell viability level was further improved with 10% extract dilution. The cell viability was improved with extract dilution which may be in consonance with the clinical condition in which the material becomes diluted with the surrounding tissue fluid\[[@ref22]\]. According to ISO 10993-5, all the samples showed acceptable cell viabilities, which were higher than 80%\[[@ref23]-[@ref25]\].

LIVE/DEAD staining assay was further used to evaluate the biocompatibility ([Figure 8](#F8){ref-type="fig"}). Obviously, all the AZ61-Ti extracts exhibited improved cell viability compared with AZ61 as the cell density (number of cells) was enhanced. Specifically, AZ61-0.5Ti exhibited the best cell viability. There were few apoptotic cells (red fluorescence in the nuclei) in each group for all culture periods. Moreover, cells exhibited similar shape after culturing for 24 h and 72 h. Clearly, AZ61-0.5Ti exhibited improved biocompatibility as compared with AZ61. It was believed that the enhanced corrosion resistance should be responsible for the improved biocompatibility\[[@ref26]\]. For AZ61-0.5Ti, the enhanced corrosion resistance resulted in a reduced degradation rate, thus decreasing the corrosion products, which might alleviate the cytotoxicity\[[@ref27]\].

![LIVE/DEAD staining of MG63 cells seeded in AZ61-Ti 100% extracts for 24 h and 72 h.](IJB-5-207-g008){#F8}

3.4 Mechanical Properties {#sec2-11}
-------------------------

The compressive strength and microhardness of AZ61-Ti are displayed in [Figure 9](#F9){ref-type="fig"}. AZ61 exhibited a relatively low compressive strength of 110.4 ± 15.2 MPa. With Ti gradually increasing to 0.5 wt%, the compressive strength was gradually improved to 175.6±21.3 MPa. However, with Ti content further increasing to 0.75 wt% and 1.0 wt%, the compressive strength was decreased to 145.3 ± 30.9 MPa and 123.9 ± 34.7 MPa, respectively. AZ61 had a relatively low microhardness of 84.8 ± 3.7 HV. With the increase of Ti, the microhardness gradually increased to 90.1 ± 4.0 HV for AZ61-0.25Ti, 95.2 ± 3.4 HV for AZ61-0.5Ti, 96.3 ± 3.1 HV for AZ61-0.75Ti, and 97.8 ± 4.3 HV for AZ61-1.0Ti, respectively ([Figure 9B](#F9){ref-type="fig"}).

![Mechanical performances of AZ61-Ti: (**A**) Compression strength and (**B**) microhardness.](IJB-5-207-g009){#F9}

4. Discussion {#sec1-4}
=============

4.1 Microstructure and Mechanical Properties {#sec2-12}
--------------------------------------------

In the present study, the incorporation of moderate Ti induced the formation of continuous net-like eutectic *α* phase. It was believed that Ti, which had low solid solubility in Mg, would be first rejected into the interdendritic liquid phase during the solidification of the molten pool\[[@ref28]\]. From the perspective of thermodynamics, Ti in the interdendritic liquid would catch the Al atoms in Mg solute to form the second phase due to the high affinity between Ti and Al\[[@ref15]\]. Thus, the diffusivity of Al would be enhanced during the solidification, resulting in an increased Al content near the eutectic location. With the liquid phase cooling to the eutectic temperature and the Al content close to eutectic composition, the eutectic reaction would occur to form the eutectic phases.

On the other hand, the rapid solidification occurred in SLM also played a key role in the formation of continuous net-like eutectic *α* phase. According to the Mg-Al binary equilibrium phase diagram\[[@ref29]\], the maximum solid solubility of Al in *α*-Mg is about 12.7 wt% at the eutectic temperature of 437°C and its solid solubility at room temperature is about 2 wt%. In the present study, SLM, which involved a fast cooling rate, was applied to fabricate AZ61-Ti alloy. Moreover, such a rapid solidification was believed to promote the occurrence of eutectic reaction at lower eutectic temperature and critical hypoeutectic Al content (as compared with equilibrium). The eutectic reaction precipitated the eutectic *α* phase and eutectic *β* particles, which would attach to the primary *α*-Mg grains and distribute in grain boundaries, respectively. Moreover, the fast cooling rate was conducive for the homogeneous precipitation of the eutectic *α* phase and eutectic *β* particles. Therefore, the eutectic *α* phase distributed continuously and formed a net-like structure along the grain boundaries.

Impacts of Ti on the grain sizes were also observed in this study. In Ti containing Mg-Al alloys, Ti element served as a surface active element, which could significantly reduce the alloy solid-liquid interfacial tension and decrease the nucleation energy during the solidification process\[[@ref30]\]. According to the nucleation formula, r\*=−2*σ~LS~*/Δ*G~m~*;\[[@ref31]\] where r\* was the critical nucleation radius, *σ~LS~* was the solid-liquid interfacial tension, and Δ*G~m~* was the Gibbs free energy of solidification. Ti reduced the solid-liquid interfacial tension, thereby reducing the critical nucleation radius. As a result, the ultimately nuclear volume of the primary *α*-Mg was improved, thus forming refined grain size. Furthermore, in AZ61-0.75Ti and AZ61-1.0Ti, excessive Ti combined with Al to form the TiAl~3~ phase. Although the TiAl~3~ phase was not regarded as the core of crystal formation, it would be pushed to the front of solid-liquid interfaces and prevented the grain growth. Therefore, the grain sizes decreased continuously with increasing Ti content.

4.2 Corrosion Behaviors {#sec2-13}
-----------------------

It is known that an ideal bone implant should progressively degrade at a suitable rate (approximately 0.2\~0.5 mm/year) to match the bone healing process. In the present work, the degradation rate of AZ61 alloy was dramatically decreased from 0.74 (1.56 mm/year) to 0.24 mg·cm^−2^/d^−1^ (0.51 mm/year^1^) after adding 0.5 wt% Ti. The improved corrosion resistance could be explained from two aspects as follows. On the one hand, Ti promoted the formation of divorced eutectic *α* phase and reduced the formation of divorced *β*-Mg~17~Al~12~ phase. Significantly, the potential difference between the eutectic *α* phase and *α*-Mg grains was slighter than that between *β*-Mg~17~Al~12~ phases and *α*-Mg grains, due to the lower potential of eutectic *α* phase\[[@ref32]\] and a reduced potential difference would decrease the susceptibility to galvanic corrosion of AZ61-0.5Ti.

On the other hand, the continuous net-like eutectic *α* phase also did a favor for the enhanced corrosion resistance. During degradation, the *α*-Mg grains dissolved preferentially, leaving the eutectic *α* phase on the surface\[[@ref33]\]. Al-enriched eutectic *α* phase was relatively inert in the physiological environment. Thus, the exposed eutectic *α* phase would act as a barrier and retard the corrosion to a certain extent. For AZ61 and AZ61-0.25Ti, the discontinuous eutectic *α* phase did not form an effective barrier to corrosion attack, as shown in [Figure 2](#F2){ref-type="fig"}. Resultantly, the AZ61-0.5Ti exhibited higher corrosion resistance compared with AZ61 and AZ61-0.25Ti.

It should be noted that with Ti further increasing to 1 wt%, the TiAl~3~ phase precipitated in grain boundary ([Figure 2](#F2){ref-type="fig"}), which exhibited higher potential difference with *α*-Mg grains than that between the eutectic *α* phase and *α*-Mg grains. Hence, the TiAl~3~ phase was considered as the cathode and form galvanic cells with *α*-Mg grains, resulting in dramatically galvanic corrosion. Thus, the galvanic corrosion was considerably enhanced, which decreased corrosion resistance of AZ61-1.0Ti.

4.3 Mechanical Properties {#sec2-14}
-------------------------

Mechanical properties were closely related to microstructure. In the present study, AZ61-Ti exhibited equiaxed grains with eutectic *α* and *β* phases on the interdendritic regions ([Figure 2](#F2){ref-type="fig"}). The formation of the Al-enriched eutectic *α* phase was a solid solution of Al in *α*-Mg phase, which caused a negative deformation of the lattice structure and increased the dislocations resistance that occurred in grains\[[@ref34],[@ref35]\]. Moreover, the addition of Ti significantly refined the grains, increased the grain boundaries, and suppressed the formation of *β* phase. Resultantly, the crack tendency and the fracture propagation were reduced. Thus, the compressive strength of AZ61-Ti was improved. However, as Ti was more than 0.5 wt%, the coarse TiAl~3~ particles precipitated and aggregated at the grain boundaries, which broke the connection between the adjacent grains. As external force was applied to specimen, stress concentration, and porous around the TiAl~3~ particles would form, which made the alloys easily to crack in the grain boundary, resulting in reduced compressive strength\[[@ref36]\]. The microhardness of AZ61-Ti was increased with the increase of Ti content, which could be attributed to the fine grain strengthening. Besides, the eutectic *α* and *β* phases had higher microhardness than *α*-Mg matrix, which could also contribute to the increase of microhardness.

5. Conclusions {#sec1-5}
==============

In this study, Ti-introduced AZ61 alloy was fabricated with SLM to enhance the corrosion resistance. Results indicated that Ti promoted the formation of eutectic *α*-Mg phase and reduced the formation of *β*-Mg~17~Al~12~ phase. When the Ti content reached to 0.5 wt%, the eutectic α-Mg phase formed a continuous net-like structure providing resistance for α-Mg matrix. Polarization test, hydrogen evolution, pH value, Mg^2+^ concentration, and mass loss suggested that AZ61-0.5Ti exhibited the optimal corrosion resistance. The typical corrosion morphologies demonstrated that the AZ61-0.5Ti suffered uniform corrosion. Besides, AZ61-0.5Ti showed improved compressive strength and microhardness compared to AZ61 due to solid solution strengthening and fine-grain strengthening. In addition, the Ti contained Mg alloys exhibited good cytocompatibility.
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